INTRODUCTION
Schistosoma mansoni, the blood fluke responsible for more than 10 million cases of human intestinal schistosomiasis in the Neotropics, was imported repeatedly with African slaves during the period 1500-1800 (Malek, 1980; Coombes, 1990) . This trematode, and its intermediate host snails of the genus Biomphalaria, are widely distributed across Africa (Brown, 1980) . The disease is thought to have quickly become established in the Neotropics because of the presence there of an endemic, susceptible congener, B. glabrata, in eastern Brazil, Surinam, Venezuela and several West Indian islands (Malek, 1980) . To set the stage for further studies of hostparasite coevolution, we report a test of this ad hoc historical hypothesis against a partial phylogeny of the genus Biomphalaria inferred from phenetic and phylogenetic analyses of patterns of allozyme variation and an independent recently published cladistic analysis (Bandoni, Mulvey & Loker, 1995a) .
Genetically interpretable allozyme patterns resolved using starch gel electrophoresis have been particularly informative in studies of schistosomes and schistosometransmitting snails. This method has enabled us to clarify linkage relationships, mating systems and population structure in these amphimictic hermaphroditic pulmonates (Biomphalaria) (Bandoni et al., 1990; Mulvey & Vrijenhoek, 1981a ,b, 1982 Mulvey, Woodruff & Carpenter, 1988b) and in the dioecious prosobranchs (Oncomelania, Neotricula) that host Asian Schistosoma (Woodruff et al., 1988; Staub et al., 1990) . Allele distributions and multilocus genetic distances have been used to resolve historical and taxonomic relationships between disjunct populations of Biomphalaria (Mimpfoundi et al., 1986; Jelnes, 1987; Mimpfoundi & Greer, 1990a,b; Woodruff, Mulvey & Yipp, 1985; Woodruff et al., 1988; Mulvey, Newman & Woodruff, 1988a; Vrijenhoek & Graven, 1992; Bandoni et al., 1995b) and recognize cryptic sympatric species (Neotricula, Staub et al., 1990) . Cluster analyses based on genetic similarities permitted the construction of snail phylogenies for comparison with those of the coevolving parasites (Fletcher, LoVerde & Woodruff, 1981; Merenlender et al., 1987; Woodruff et al., 1987) . In addition, we have drawn attention to isogenic laboratory snail stocks (and strains of parasites) which are not genetically representative of their variable natural counterparts (Fletcher et al., 1981; Woodruff, 1985; Mulvey & Bandoni, 1994) , presumably a result of their restricted geographic origins, genetic drift, and exposure to differing regimes of hybridization, gene flow and artificial selection.
MATERIAL AND METHODS
We compared 18 samples of field-collected and laboratory stocks representing B. glabrata and four other Neotropical and three African species at 20 allozymic loci. Snail and tissue handling and starch gel electrophoresis methods are described elsewhere (Mulvey & Vrijenhoek, 1981b; Mulvey et al., 1988a; Bandoni et al., 1995a) . We resolved genetically interpretable allelic variation at the following allozyme loci: aconitase hydratase mt & cy (EC 4.2.1.3), alkaline phosphatase (3.1.3.1), aspartate aminotransferase mt & cy (2.6.1.1), esterase-2 (3.1.1.-), glycerol-3-phosphate dehydrogenase (1.1.1.8), haemoglobin, isocitrate dehydrogenase (1.1.1.42), lactate dehydrogenase (1.1.1.27), leucine aminopeptidase (3.4.-.-), malate dehydrogenase (NADP + : 1.1.1.40), malate dehydrogenase mt & cy (NAD: 1.1.1.37), mannose-6-phosphate isomerase (5.3.1.8), purine-nucleoside phosphorylase (2.4.2.1), phosphogluconate dehydrogenase (1.1.1.44), glucose-6-phosphate isomerase (5.3.1.9), phosphoglucomutase-1, -2 (5.4.2.2). Snail sources and allozyme genotype frequency data are available from MM.
To establish the relative degree of intersample genetic differentiation we calculated Nei's (1978) widely used measure of unbiased genetic distance, D, between all pairs of samples. D is a measure of the mean number of codon substitutions per locus corrected for multiple hits and can vary between zero and infinity. The phenogram or tree was produced with the BIOSYS-1 computer package (Swofford & Selander, 1981) using the pair-wise multilocus D-values clustered by the unweighted pairgroup method with arithmetic averaging (UPGMA).
We also performed a phylogenetic analysis of the same allozyme data using DISPAN (Genetic Distance and Phylogenetic Analysis, Tatsuya Ota, Institute for Molecular Evolutionary Genetics, Pennsylvania State University, 1993, pers. comm.) . For ease of comparison we constructed a phylogenetic tree dendrogram using the UPGMA algorithm, Nei's (1972) standard genetic distance with standard errors (Nei, 1978) , and 1000 bootstrap replications (Efron, 1982; Felsenstein, 1985) . As such analyses require an outgroup we followed the arguments of Bandoni et al. (1995a) and, for the time being, used Helisoma trivolvis (data available from MM). The method does not produce multiple trees but does permit the calculation of bootstrap values associated with the branches.
RESULTS
Our findings are summarized in a phenetic tree (Fig. 1) . Based as it is, on 20 loci, and with a high co-phenetic correlation (0.85), this phenogram is judged to be robust enough to support the following discussion. Samples separated by D-values <0.1 are not significantly different from one another; branch points at D >0.3 have smaller standard errors and increasing significance (Nei, Stephens & Saitou, 1985) . The general topology of this tree is supported by numerous other comparisons involving fewer taxa and/or loci conducted in our laboratories since 1978 (unpubl. obs.).
Our four key results are: (1) that B. glabrata clusters with the three African and not the four neotropical species, (2) that the African species plus B. glabrata form a monophyletic clade while the neotropical species are paraphyletic, (3) that the lineages of the neotropical species diverged earlier than those of the African clade, and (4) that B. glabrata appears to have diverged more recently than the other taxa examined.
These results are supported by the phylogenetic analysis (Fig. 2) . The topology of the two trees is almost identical (slight differences in branch lengths being due to differences between the standard and unbiased genetic distances employed. Bootstrap values of >85 indicate we can be very confident about the close relationship of the two samples of B. glabrata from St. Lucia, the two samples of B. glabrata from Brazil, and the two samples of B. straminea. Marginally acceptable bootstrap values define the cluster of the six samples of B. glabrata from Puerto Rico and the Dominican Republic (71), and the relationship between B. havanensis and B. straminea (57). All ). Stock genetic variability is shown in terms of N (mean no. of snails scored per locus), P (proportion of polymorphc loci), H (observed proportion of heterozygous loci per snail).
other bootstrap values indicate phylogenetic ambiguity about the higher branchpoints in the dendrogram. Although the [Africa plus B. glabrata] versus [other neotropical species] dichotomy cannot be considered proven based on bootstrap analysis it is highly significant based on distance measures. Considering all 65 pairwise comparisons the dichotomy has a standard genetic distance of 0.68±0.22.
DISCUSSION
Our first three key results are concordant with the results of a phylogenetic analysis of a comparable 25-allozyme survey of 11 species of Biomphalaria (Bandoni, 1991; Bandoni et al., 1995a ). Bandoni's samples represented four African (B. alexandrina, B. choanomphala, B. pfeifferi, B. sudanica) , and seven American species (B. amazonica, B. glabrata, B. intermedia, B. obstructa, B. peregrina, B. straminea, B. tenagophila) . Both studies point independently to the African affinities of B. glabrata.
Our hierarchical interpretation of Figure 1 is based on conventional phenetic methodology (Nei, 1987) and begins with establishing the typical levels of local intraspecific variation among field-collected samples. Our expectations were based on >7000 comparisons of conspecific animal populations where 98% of the estimates are D <0.10 ( Thorpe, 1983) . Biomphalaria generally conform to these expectation of within species genetic differentiation (Table 1) with exceptions involving geographically disjunct or distant populations of widespread species which show unexpectedly high levels of differentiation. For example, Mulvey et al. (1988a) found Puerto Rican B. glabrata differ significantly from St. Lucian and Brazilian populations (Nei, 1973) .
referred to the same species (D=0.27 and 0.35, respectively). More highly differentiated (D=0.46) populations have been reported from areas 600 km apart within Brazil (Narang et al., 1981) . What is now regarded as B. glabrata is either the most differentiated mollusc species yet described, or a syngameon of more than 3 unrecognised semispecies. Either hypothesis will account for the known variability in reproductive compatibility between snails from different areas (Mulvey & Vrijenhoek, 1984) and in significant geographic variation in snail-schistosome compatibility (Basch, 1976; Woodruff, 1985) . Similarly, with pan-African B. pfeifferi: within both Cameroon and Kenya local populations were weakly differentiated (Table 1) , but across some geographic regions D-values increase abruptly (Henriksen, 1979; Bandoni et al., 1990) . The South African snails (Fig. 1) differ from allegedly conspecific samples from Togo and Ghana in West Africa at D=0. 5-0.6 (unpubl. obs.) . Thus, B. pfeifferi may also comprise a group of currently unrecognized semispecies. Turning now to interspecific relationships (Fig. 1) , based on studies of other molluscs we expected genetic distances between the Neotropical or the African Biomphalaria species to be in the range D=0.20-0.60 (Thorpe, 1983; Woodruff et al., 1988) . Much greater genetic distances (>2.0) were expected between the transAtlantic congeners as Davis (1980 Davis ( , 1992 and Meier-Brook (1984) Nei's (1987) conservative and widely used divergence time calibration (t=5×10 6 D) suggests the species considered here arose during the Pliocene, 3.4 Mya (range: 4.5-2.3 Mya); the extreme anuran allozyme-clock calibration (Nei, 1987) yields Miocene divergence times of 10 Mya for the glabrataalexandrina split and 15 Mya for this group as a whole. Our results do not support Davis's (1980 Davis's ( , 1992 scenario (first proposed by Pilsbry, 1911) involving trans-Atlantic vicars isolated for 95-106 My (Goldblatt, 1993) .
These results are remarkably similar to those obtained by Bandoni et al. (1995a) with a comparable, but strictly cladistic, analysis of an independently derived allozyme data set involving an additional five species of Biomphalaria. Both analyses revealed the African affinities of B. glabrata, the monophyly of the African clade, the paraphyly of the neotropical species, and the older lineages of the neotropical species relative to those in the African clade plus B. glabrata. Neither analysis found vicariant clades restricted to Africa and the Americas; the genetic data, based on extant taxa, provide no evidence for the separation of Biomphalaria lineages prior to the separation of Africa and South America.
There is also agreement that some African taxa may need redefining. Bandoni et al. (1995a,b) found B. sudanica (five Kenyan field samples) to be genetically indistinguishable from B. alexandrina and B. choanomphala. Our Kenya laboratory sample of B. sudanica lies within the B. glabrata cluster and may simply be misidentified. Pfluger (1982) , for example, documented a case of the importation of B. glabrata into a laboratory in Africa and its subsequent escape into the wild. We also agree on the phylogenetic affinities of neotropical B. havanensis with B. straminea and of B. tenagophila with B. occidentalis. But, unlike Bandoni et al. (1995a,b) we found allozymes useful in describing the deepest roots of the neotropical lineages. Our greater resolving power is simply due to the inclusion of monomorphic loci in our estimates of D; such loci are regarded by some as phylogenetically uninformative and were accordingly excluded from the cladistic analysis. The major difference between our analyses, however, concerns the interpretation of the African affinities of B. glabrata. Bandoni et al. (1995a) did not discuss this because they concluded that the consideration of additional allozymic characters may shift it out of the African clade. If their analysis is robust, as it would appear to be, additional characters are equally or more likely to strengthen the revealed relationships. Nothing in their phylogenetic analysis precludes the interpretations offered here and, in fact, Bandoni's (1991) original results show six equally parsimonious trees in which B. glabrata is the sister taxon to the African species and only one tree (a phenetic UPGMA analysis based on Nei's D) with B. glabrata clustering with Neotropical species.
We offer no discussion here on the strengths and weaknesses of phenetic and cladistic approaches to phylogenetic reconstruction as our purpose is only to show the African affinities of B. glabrata. Clearly either approach gives this result and either approach can be employed to identify clusters of genetically related populations. Allowing for possible differences in the ages of species lineages in Africa and the Neotropics we now predict that closer mapping of genetic distances across both continents will permit the recognition of patterns of disrete genetic differences and Biomphalaria's natural genotypic clusters (and species, according to the definitions of Darwin (1859) and Mallet (1995) .
The fossil record is not very useful in establishing the phylogeny of the 12 African species (Brown, 1980) and 19 neotropical species of Biomphalaria (formerly Tropicorbis and Australorbis) (Malek, 1985) but two striking observations are relevent. First, Biomphalaria-like shells are well represented in the South American Paleocene and have been reported from Pleistocene sites in Brazil (Parodiz, 1969) . Second, the oldest known occurrence of Biomphalaria in Africa is only mid-Pleistocene (van Damme, 1984) ; their absence from rich Rift Valley Plio-Pleistocene deposits (Williamson, 1981, pers. comm.) is puzzling particularly as tons of shell-grit have been examined and the snails have been so successful in this region in recent times. Further support for the relative recency of the African species is provided by their soft-parts anatomy: the African species studied to date are far less variable than the neotropical species (Mello, 1972) .
Available data therefore suggest that the African species are younger than their Neotropical congeners, that pfeifferi-alexandrina-sudanica-protoglabrata evolved in Africa in the Pliocene and Pleistocene as a result of earlier trans-Atlantic dispersal from the Americas, that they became hosts for the lateral-spined schistosomes during this time, and that several semispecies currently refered to B. glabrata returned to America in water casks in the last 500 years. Our intra-and interspecific genetic and biogeographic data do not support the alternative hypothesis that B. glabrata is really American, and that alexandrina-sudanica-pfeifferi are Pleistocene derivatives of American stock(s) that dispersed in the opposite direction. A survey of genetic variation in field-collected snails from coastal West and Central Africa is now required to resolve these trans-Atlantic relationships.
Prehistoric trans-Atlantic snail dispersal may have involved wading birds carrying dessication resistant adults and/or egg masses. A recent review identified 10 birds that have dispersed between Africa and South America (Vuilleumier & Andors, 1993) : cattle egret, Bubulcus ibis, heron, Casmerodius albus, glossy ibis, Plegadis falcinellus, white-faced ibis, P. chihi, gallinule, Porphyrio martinicus, ducks (Dendrocygna bicolor, D. viduata, Sarkidiornis melanotus and Netta erythrophthalama) and gull Larus cirrocephalus. Although most of these are thought to have dispersed from east to west at least two appear to have dispersed in the reverse direction; Winterbottom (1965) suggested that N. erythrophthalama dispersed from South America to Africa, and the South American gallinule is occasionally seen in South Africa during the winter months (Maclean, 1985) . Repeated opportunities for dispersal by migratory birds blown off course by hurricanes and other tropical storms must have occurred, and possibly at higher frequencies during latitudinal climatic compression accompanying Pleistocene hypothermals and oceanic disturbances following closure of the Central American seaway.
Alternatively, Biomphalaria may have rafted across the Atlantic. A survey of shallowwater shell-bearing marine molluscs revealed that 39 species dispersed eastward across the Atlantic from the Americas to West Africa during the late Pliocene or Pleistocene since the closure of the Central American Seaway (3.1-3.6 Mya) (Vermeij & Rosenberg, 1993; Jackson et al., 1996) . Sixteen species are recorded as dispersing westwards from Africa to Brazil and the Caribbean during this period. Although most of this dispersal was probably by means of planktonic larvae, some mangroveassociated species probable spread as rafting adults. It is also possible that very large Amazonian rafts might have carried Biomphalaria to Africa. Biomphalaria's late Tertiary arrival in Africa may be related to the fact that eastward mollusc dispersals are unknown in the Tertiary before the middle Pliocene. Before the closure of the Central American Seaway, oceanic currents favoured rafting in the reverse (east-towest) direction and were probably responsible for the introduction of fish (some cichlids, nanids), reptiles (some testudines, gekkonines and scincids) and mammals (caviomorph rodents and platyrrhine monkeys) into South America during the Eocene, Oligocene and Miocene (Bauer, 1993; George & Lavocat, 1993; Lundberg, 1993 , Marshall & Sempere, 1993 . Interestingly, among 13 putative African-South American clades of freshwater fishes, only three fit the simple drift-vicariance model (Lundberg, 1993) . For fish, and Biomphalaria, today's patterns are less a product of vicariance 100 Mya than of multiple episodes of Tertiary marine dispersal, either trans-Atlantic or involving stepping stones in the developing Caribbean island arc (Marshall & Sempere, 1993) . It should be remembered that although passive transport across the tropical Atlantic Ocean during the Holocene takes 9-28 weeks it took less than 5 weeks until the close of the Mediterranean Tethys Seaway in the Late Oligocene (Scheltema, 1995) .
A potential concern with the dispersal scenario presented here is that it might discourage further efforts to uncover vicariant patterns. Hypotheses of dispersal are inherently unfalsifiable so it is accordingly highly desirable to further test the falsifiable hypothesis of vicariance. Strictly speaking our conclusion, that the speciation events in question are an order of magnitude younger than predicted by the vicariance model, does not falsify this hypothesis. An independent test based perhaps on mtDNA sequence differentiation should now be undertaken.
In contrast to the problematic history of the snails, there is little doubt that the parasites were introduced (as adults in humans and/or as larvae in snails) from Africa to the Americas in the last 500 years. S. mansoni in the Americas are allozymically indistinguishable from those sampled across Africa (Fletcher et al., 1981) . This result has now been confirmed with mtDNA sequence data (Després, Imbert-Establet & Monnerot, 1993 ). The significant DNA-level genetic variation between geographic strains in Brazil (Vieira et al., 1991) probably reflects their multiple African origins and subsequent hybridization in the Neotropics. The only complexity in this multiple colonization hypothesis involves the subsequent intraspecific divergence of parasites on Guadeloupe and possibly elsewhere which have shifted from human to rodent hosts (Theron & Coombes, 1995) . We find no evidence to support Davis' (1980) assertion that Schistosoma too were in South America before the South Atlantic ocean opened 100 Mya.
Why weren't the African affinities of B. glabrata discovered earlier? Only three previous publications even consider the idea (Bequaert & Lucena, 1951; Lucena, 1953; Barbosa & Carneiro, 1957) and it has been ignored by all subsequent workers. The answer may reflect malacological traditions and the differing character sets used in describing the species on either side of the Atlantic (variable anatomy in the neotropics, conchology in Africa). As conchological features are not diagnostic and are notoriously subject to convergence, the existing African taxonomy must be regarded as preliminary. Another reason the alpha taxonomy of these medically important species was not clarified long ago stems from the diversion of scientific effort into vaccine and drug development; systematic malacology was largely ignored, especially in the U.S. Now that genetic techniques are being brought to bear on these taxonomically difficult animals we can expect some local races and subspecies to be elevated to the rank of semispecies in syngameons (and treated taxonomically as full species). Taxonomic confusion may also contribute to the reason why wellfunded laboratories are having trouble developing vaccines when the parasite strains and intermediate host stocks employed are genetically unlike the natural populations they represent.
It should not suprise us if Biomphalaria moved back and forth across the Atlantic in water casks as Anopheles gambiae (malaria) and Aedes aegypti (yellow fever) made the same trip. Until the taxonomy and natural history of these intermediate hosts was understood these other diseases went uncontrolled. Perhaps the clarification of the taxonomic underpinnings of schistosome transmission will enable others to elucidate the immunological coevolution of parasites and snails (Coombes, 1990 (Coombes, , 1991 Rollinson & Southgate, 1985) and examine the prospects for controlling schistosomiasis by manipulating the natural oligogenic resistance of host snails (Richards, 1970; Woodruff, 1985; Richards, Knight & Lewis, 1992) and humans (Rollinson & Simpson, 1987; Abel et al., 1991; Dessein et al., 1992) . Our results underscore the urgent need to support the basic cataloging of biodiversity before the pieces are further mixed up or lost, before species go extinct, and genetically and immunologically significant resources are lost forever.
